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[j>terize  the  grain  boundary  structure,  and  bicrystal  substructure  respectively. 
^ The  first  high  angle  symmetric  tilt  examined  is  straight,  shows  no  periodic 
structure  and  appears  to  be  free  of  precipitates  or  detectable  segregation. 
The  electron  float  zone  welding  method  of  bicrystal  manufacture  is  shown  to 
give  rise  to  very  low  angle  subboundaries  lying  approximately  parallel  to 
the  main  grain  boundaries.  These  contribute  an  annoyingly  high  background 
critical  current  which  makes  isolation  of  the  main  boundary  contribution  some 
what  uncertain.  The  effects  of  grain  size  and  grain  boundary  segregation  on 
flux  pinning  weresinvestigated  in  Pbg^  Bi^g  polycrystalline  films.  It  was 
demonstrated  for  the  first  time  that  segregation  to  the  grain  boundaries  can 
markedly  entrance  trce  critical  current  density.  Artificially  segregated 
boundaries  were  produced  by  allowing  Pb  of  T1  from  an  evaporated  overlayer  to 
diffuse  in  along  the  gCain  Boundaries.  These  results  suggest  new  ways  to 
process  commercial  superconductors  for  maximum  flux  pinning. 
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CONTROLLED  GRAIN  BOUNDARY  STRUCTURES  IN  SUPERCONDUCTORS 


Edward  J . Kramer 


INTRODUCTION 

Improvements  in  the  critical  current  density  Jc  of  commercial  superconductors 
offer  potential  weight/volume  savings  for  superconducting  power  machines  (e.g., 
generators)  that  would  make  these  particularly  attractive  for  airborne  applications. 
Pinning  of  flux  lines  in  the  superconductor  by  various  crystal  imperfections  gives 
rise  to  a pinning  force  dersity  Fp  = (^CX^)  and  thus  to  the  critical  current  den- 
sity itself.  There  is  strong  circumstantial  evidence  that  the  important  pinning 
imperfections  in  many  commercial  superconductors  are  grain  boundaries,  yet  the 
fundamental  mechanism  of  grain  boundary  flux  pinning  is  in  doubt.  AFOSR-supported 
work  on  this  project  was  begun  on  January  1,  1977  to  investigate  these  fundamentals. 
This  knowledge  should  allow  new  strategies  to  be  devised  for  metallurgical  opti- 
mization of  flux  pinning  by  grain  boundaries  (e.g.,  by  controlling  polycrystalline 
texture  and/or  grain  boundary  segregation). 

RESEARCH  OBJECTIVES 

1 . Bicrystal  Studies 

Produce,  and  characterize  the  grain  boundary  structure  in,  bicrystals  which 
have  different  flux  pinning  contributions  from  different  possible  fundamental 
mechnaisms,  i.e.,  the  stress  field  interaction,  the  crystalline  anisotropy  inter- 
action and  the  Ak  interaction.  Measure  flux  pinning  by  the  boundary  by  measuring 
the  variation  of  Jc  as  the  angle  between  the  magnetic  field  and  the  plane  of  the 
grain  boundary  is  varied. 

2.  Thin  Film  Polycrystal  Studies 

Produce  thin  film  polycrystals  with  grain  boundaries  predominantly  normal  to 
the  film.  Investigate  the  effects  of  grain  size  and  impurity  segregation  to  the 
grain  boundaries  on  grain  boundary  flux  pinning. 

RESEARCH  PROGRESS 

1 . Bicrystal  Studies 

An  electron  beam  float  zone  welding  technique  for  making  macroscopic  Nb 
bicrystals  reported  last  year  was  further  developed  and  bicrystals  with  high 
angle  symmetric  twist  and  tilt  grain  boundaries  were  produced  (Table  I).  These 
bicrystals  have  no  crystal  anisotropy  contribution  to  the  elementary  pinning  force 
fp  [ f p is  the  force  of  interaction  between  a single  grain  boundary  and  the  FLL]. 

In  addition  high  angle  asymmetric  tilt  boundary  bicrystals  were  produced  [Table  2] 
which  have  a substantial  anisotropy  contribution  to  fp.  These  represent  the  first 
such  bicrystals  of  Nb  ever  made. 
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The  bicrystals  are  being  used  in  experiments  to  determine  the  relative  sizes 
of  the  three  feasible  interaction  mechanisms  for  the  grain  boundary-flux  line  lat- 
tice (FLL)  interaction  giving  rise  to  fp.  Those  are: 


a)  The  interaction  between  the  grain  boundary  stress  fields  and  the  strain 
field  of  the  FLL  (stress  field  interaction) . Transmission  electron  microscopy 
on  selected  boundaries  in  Tables  I and  II  reveals  no  resolvable  dislocation 
structure  (primary  or  secondary)  to  these  high  angle  boundaries  (although  there 
are  occasionally  dislocations  from  the  matrix  that  thread  the  boundary).  Hence 
the  stress  field  interaction  is  not  expected  to  be  important  for  these  boundaries. 

b)  The  grain  boundary/FLL  interaction  due  to  the  anisotropy  of  the  upper 
critical  field  HC2  (crystalline  anisotropy  interaction). 


c)  The  grain  boundary/FLL  interaction  due  to  electron  scattering  from  the 
boundary  which  changes  the  Ginzburg-Landau  parameter  k in  the  vicinity  of  the 
boundary  (Ak  interaction). 

Since  the  bicrystals  in  Table  I have  only  the  Ak  interaction  where  those  in 
Table  II  have  both  Ak  and  crystalline  anisotropy  interactions,  a comparison  be- 
tween the  flux  pinning  due  to  the  grain  boundary  in  the  two  types  of  bicrystals 
should  lead  to  an  estimate  of  the  importance  of  each  interaction. 


Several  complications  arise  however  due  to  the  presence  of  lattice  defects 
other  than  the  bicrystal  grain  boundary.  If  one  is  not  careful  the  pinning  due 
to  these  will  swamp  the  pinning  due  to  the  single  boundary.  One  such  unavoidable 
defect  which  is  a strong  flux  pinning  center  is  the  specimen  surface.  It  was 
found  that  oxidizing  the  crystal  surface  by  heating  it  for  5 minutes  to  l400°C  in 
air  was  very  effective  in  removing  surface  pinning.  Oxidizing  for  longer  times 
did  not  further  change  the  pinning  (specifically  it  did  not  lead  to  further 
enhancement  of  the  grain  boundary  pinning  peak).  The  surface  pinning  could  be 
recovered  by  chemically  polishing  off  the  surface  layer  and  removed  again  by 
reoxidizing  without  altering  the  grain  boundary  pinning  peak.  These  observations 
strongly  indicate  that  the  grain  boundary  peak  observed  is  due  to  the  intrinsic 
pinning  of  the  boundary  and  not  due  to  oxygen  segregation  to,  or  oxide  penetra- 
tion down,  the  grain  boundary.  [Unlike  the  substitutional  impurities,  inter- 
stitial impurities  such  as  oxygen  should  not  diffuse  faster  down  the  grain 
boundary  than  in  the  perfect  lattice;  in  fact  interstitial  grain  boundary 
diffusion  may  be  slower  due  to  trapping  of  interstitials  in  regions  of  different 
grain  boundary  structure. ] 


Measurements  of  the  critical  current  as  a function  of  angle  between  the 
magnetic  field  H and  the  plane  of  the  grain  boundary  reveal  a peak  when  the 
direction  of  H (and  thus  the  FLL)  is  parallel  to  the  boundary.  The  height  of 
this  peak  is  a measure  of  fp  of  the  boundary  where  fp  is  the  elementary  interaction 
force  per  unit  grain  boundary  area  [Numerically  fp  = Alc  B/£  where  AIC  is  the 
height  of  the  critical  current  peak,  B is  the  magnetic  induction  and  £ is  the 
length  of  the  boundary  along  the  field  direction.]. 

Figure  1 shows  such  a peak  in  a oxygen  surface  treated  high  angle  symmetric 
tilt  bicrystal  measured  at  a field  of  . 22T.  The  fp  that  can  be  inferred  from  this 
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peak  is  ,u80  N/m  . This  pinning  is  suprisingly  strong,  within  a factor  of  20 

of  the  pinning  expected  from  the  external  surface.  Since  this  boundary  has  no 

anisotropy  or  stress  field  contribution,  the  pinning  will  be  due  entirely  to  the 

Ak  interaction.  All  other  high  angle  boundaries  we  have  been  able  to  measure  at 

fields  well  below  HC2  (~.3T)  also  show  a peak  that  can  be  interpreted  as  a grain 

boundary  pinning  peak.  i 


However,  the  pinning  measurements  also  show  an  anisotropy  that  cannot  be 
attributed  to  the  grain  boundary.  (in  Figure  1 there  are  other  broader  peaks. 

This  non-uniform  background  is  observed  in  the  pinning  anisotropy  of  all  other 
bicrystals.  In  some  cases  the  background  makes  it  difficult  to  attribute  peaks 
in  pinning  the  grain  boundary,  although  the  true  grain  boundary  peaks  are  usually 
rather  more  sharp  than  peaks  in  the  background.  Figure  2 shows  an  unusually 
sharp  grain  boundary  peak.  In  any  case  the  uneven  background  contributes  con- 
siderable uncertainty  to  the  actual  peak  height. 

Consequently  we  have  made  an  effort  to  determine  the  cause  of  this  back- 
ground. One  possible  source  is  substructure  (dislocations  and  low  angle  grain 
boundary)  introduced  into  the  bicrystals  by  welding  and  handling.  Figure  3 shows 
X-ray  topographs  of  i)  a single  crystal  of  Nb  as  grown  showing  very  little  sub- 
structure, ii)  one  half  of  a bicrystal  after  welding  but  before  annealing,  iii) 
one  half  of  a bicrystal  after  an  anneal  at  2100°C  and  iv)  a bicrystal  that  has 
been  handled  in  the  process  of  attacking  leads  for  the  superconducting  measurements. 
Welding  primarily  introduces  very  low  angle  subboundaries  which  can  be  reduced  in 
number  by  the  high  temperature  anneal.  It  would  appear  however  that  handling 
introduces  at  least  as  much  additional  damage.  We  are  attempting  to  reduce  these 
problems  currently. 


Flux  pinning  measurements  have  also  been  made  on  some  of  the  asymmetric 
bicrystals  in  Table  II.  (These  have  a crystal  anisotropy  contribution  of  fp). 
These  have  high  critical  currents  at  fields  below  .9  HC2»  too  high  to  be  measured 
with  our  current  supply.  In  these  bicrystals  the  results  at  high  reduced  field 
are  complicated  by  the  fact  that  the  anisotropy  of  HC2  produces  anisotropic 
pinning  by  the  substructure,  producing  many  peaks  in  addition  to  the  grain  boundary 
peak. 


Transmission  electron  microscopic  (TEM)  observations  of  the  structure  of  the 
grain  boundaries  has  begun.  A new  thinning  method  (really  a modification  of 
an  older  method)  has  been  developed  by  Dr.  Schindler  which  avoids  contamination 
of  the  section  with  hydrogen.  The  latter  is  important  since  we  are  beginning  a 
collaboration  with  Dr.  Uwe  Essmann  at  the  Max  Planck  Institute  at  Stuttgart 
where  he  will  decorate  the  FLL  in  thinned  foils  of  rib  containing  the  boundary 
for  subsequent  TEM  observation  and  we  would  like  the  impurity  content  of  such 
foils  to  be  the  same  as  the  bulk  bicrystal.  Electron  diffraction,  weak  beam 
methods  and  lattice  imaging  are  being  used  to  investigate  the  periodic  (or  non- 
periodic) nature  of  the  boundary.  Figure  1*  shows  a lattice  fringe  image  of  the 
grain  boundary  in  bicrystal  B.  The  boundary  is  inclined  M.5°  from  the  normal  to 
the  foil.  The  terminating  fringes  are  edge  components  of  two  dislocations  which 
impinge  on  the  boundary.  No  periodic  structure  could  be  detected  in  this  high 
angle  boundary.  Conventional,  lower  resolution,  TEM  revealed  that  this  grain 
boundary  is  straight  without  any  facets  or  visible  segregation  of  impurity  species. 
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Figure  2.  Critical  current  versus  angle 
for  a symmetric  tilt  bicrystal 
(bicrystal  A). 


(ii.)  bicrystal  after 

wei ding  ; no  annea] 


(iii.)  bicrystal  after 
2100°  C anneal 


( iv . ) bicrystal  after 

voltage  and  current 
leads  are  attached 
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la  agreement  with  the  X-ray  topographs  occasional  suhboundaries , approxi- 
mately parallel  to  the  high  angle  boundary,  can  be  observed.  The  misorientation 
across  these  subboundaries  is  usually  less  than  0.5°.  These  observations  are 
important  for  interpretation  of  the  grain  boundary  critical  current  peaks.  The 
ones  we  observe  have  a much  larger  angular  half  width  than  those  reported  by 
Das  Gupta  et  al.(l)  Measurements  of  Ic  at  very  small  angular  intervals  reveal 
that  the  Ic  grain  boundary  peaks  sometimes  contain  jagged  subsidiary  maxima.  It 
is  tempting  to  attribute  these  subsidiary  maxima  to  the  subboundaries.  If  this  is 
true  it  indicates  that  low  angle  boundaries  are  somewhat  weaker  pinning  centers 
(but  not  much  weaker)  than  high  angle  boundaries. 

2.  Thin  Film  Polycrystal  Studies 

Polycrystalline  evaporated  films  of  PbQ2Bii8  alloy  composition  provide  a 
simple  high  K system  whose  flux  pinning  in  transverse  magnetic  field  (Fp(GB)}  is 
dominated  by  the  grain  boundary  contribution.  Pinning  measurements  in  this 
system  average  over  many  random  boundary  misorientations ; the  critical  field 
anisotropy  effect  should  be  small  here,  since  the  crystallites  in  such  films 
tend  to  orient  their  <111>  axes  perpendicular  to  +In  film  plane,  and  thus  along 
a transversely  applied  field. 

Last  year  it  was  discovered  that  striking  changes  occur  in  transverse  pinning 
when  Tfc  is  introduced  into  the  grain  boundary  (and  adjacent  volume)  by  diffusion 
at  room  temperature.  Investigation  of  this  phenomenon  has  continued  and  has  also 
been  extended  to  the  Pb-Pb82Bii8  diffusion  couple. 

To  distinguish  the  effects  of  such  coating,  the  pinning  in  uncoated  films 
must  be  well  characterized.  By  tilting  the  substrate  during  deposition,  and 
observing  an  identical  shift  in  the  magnetic  field  orientation  at  which  Fp(GB) 
peaks,  it  has  been  shown  that  the  grain  boundaries  tend  to  be  oriented  in  the 
direction  of  deposition,  as  earlier  assumed.  The  annealing  procedure  needed 
before  the  coating  is  deposited  has  been  established,  so  that  changes  in  Fp(GB) 
due  to  grain  growth  do  not  become  confused  with  those  due  to  coating  penetration. 

By  examining  uncoated  films  it  has  been  shown  that  the  thermal  cycling  undergone 
during  a series  of  anneals  does  not  affect  Fp(GB).  Characteristic  shapes  of 
Fp(GB)  vs  H,  and  characteristic  behavior  with  temperature,  have  also  been 
established  for  uncoated  films.  A method  of  sputter  etching  to  reveal  the  grain 
boundaries  at  the  surface  of  the  films  has  been  developed  which  replaces  an 
earlier,  less  sensitive,  chemical  etching  procedure;  used  with  a standard  carbon 
replica  technique  for  the  transmission  electron  microscope,  thi.  2 method  allows  a 
correlation  between  Fp(GB)  and  the  average  grain  spacing  (Figs,  i and  6)  to  be 
established. 

Early  in  the  studies  of  T£  coated  films  it  became  clear  there  was  a problem 
in  reproducibility;  some  films  were  strongly  affected  by  coating,  some  hardly  at 
all.  A number  of  changes  in  fabrication  and  measurement  technique  have  been  made 
which  alleviated  this  problem.  Compared  with  earlier  films,  present  films  are 
thinner  and  are  more  thoroughly,  uniformly,  and  reproducibly  heat  sunk  to  their 
LN2  cooled  holder  during  deposition;  substrates  are  now  tilted  to  obtain  perpen- 
dicular incidence  of  evaporant.  Present  films  are  also  smoother,  have  a smaller 
and  more  stable  grain  structure  (with  regard  to  grain  growth  or  recrystallization) , 
and  are  more  reproducible  from  film  to  film. 


Figure  6 


Carbon  replica  of  a typical 
sputter  etched  film;  note  the 
wide  grain  size  distribution. 


The  largest  problem,  however,  involves  the  formation  of  a diffusion  barrier 
at  the  interface  between  coating  and  base.  Ideally,  one  wishes  to  measure  pinning 
on  the  same  film  before  and  after  coating.  Removal  of  the  uncoated  film  from 
the  vacuum  of  the  fabrication  system,  however,  results  in  sufficient  oxide  forma- 
tion to  block  interdiffusion  after  coating.  Even  films  left  excessively  long  in 
the  vacuum  system  seem  to  develop  enough  surface  contamination  to  hinder  diffusion. 
For  films  with  rough  surfaces,  there  is  evidence  that  cracks  in  the  interface  oxide 
allow  diffusion  "leakage",  but  this  process  is  highly  erratic.  Attempts  were 
made  to  protect  the  film  in  an  argon  atmosphere  during  transfer  to  the  testing 
probe  and  to  apply  the  coating,  after  initial  measurement , in  an  above-dewar  vacuum 
chamber  but  these  were  not  successful. 


This  problem  has  been  circumvented  by  producing  two  films  simultaneously  and 
coating  only  one  of  the  pair.  Twin  uncoated  films  have  been  found  to  agree  closely 
in  thickness,  HC2  and  Fp(GB).  The  films  are  kept  cold  during  removal  from 
vacuum,  scribing,  and  insertion  into  the  resistivity  test  probe.  A small  amount 
of  interdiffusion  is  seen  in  the  initial  measurement  as  a result  of  heating 
during  the  coating  process. 


Having  eliminated  these  problems,  some  difficulties  in  the  T&  coated  system 
remain.  Figure  7 shows  the  changes  in  pinning  for  2 such  films  of  different 
coating  thicknesses.  The  complexity  of  the  changes  occurring  — (l)  rapid  and 
simultaneous  changes  in  Hco,  Hc , and  K with  composition,  (2)  coating  oxidation, 
and  (3)  possible  second  phase  formation  — make  this  system  difficult  to  analyze. 

The  Pb-coated  film  system,  however,  has  only  two  components  (i.e.,  Pb  and  Bi) 
and  there  is  no  possibility  of  2nd  phase  formation.  HC2  is  a sensitive  but  well 
known  function  of  composition,  while  Hc  is  rather  insensitive  to  composition. 
Oxidation  does  not  seem  to  be  a problem.  Very  thin  FT)  coatings  produce  dramatic, 
yet  reproducible , changes  in  Fp(GB)  while  changing  little  — changes  which 
are  similar  to  those  arising  with  T£  and  probably  produced  by  the  same  mechanisms. 


Interdiffusion  was  carried  out  at  temperatures  close  to  20°C  (in  this  regime 
grain  boundary  diffusion  is  dominant).  Penetration  occurs  very  rapidly  along 
the  grain  boundaries  of  the  base  film,  then  more  slowly  into  the  bulk  of  the 
grains,  creating  a network  of  Pb-rich  zones  which  widen  with  time.  From  Figure  8 
one  sees  that  apparently  the  optimum  pinning  width  varies  with  reduced  field, 
peaking  sharply  for  h(i  tt^—  )<.5  then  declining  to  near  the  uncoated  twin  value 

nc2 

as  homogenisation  is  approached.  In  contrast,  at  high  h the  initial  reaction  is 
a strong  dip  in  Fp(GB) . This  high  field  reversal  may  result  from  formation  of 
a lower  x path  along  the  grain  bound iries  parallel  to  the  direction  of  motion  of 
the  FLL  where  easy  FLL  shear  can  oc  ir.  If  one  examines  the  shift  in  time  scale 
of  these  features  with  annealling  temperature  (see  Fig.  9)  one  finds  an  apparent 
activation  energy  of  roughly  60  kcal/mole  — much  higher  than  expected  for  bulk 
diffusion  (Pb-Pb  diffusion  has  a Q of  ^26  kcal/mole , ( 2) . Also,  if  the  D = 

2.5  x lO-l^cm^/sec  for  Pb-Bi  interdiffusion ( 3)  at  room  temperature  is  used,  the 
resultant  diffusion  length  at  times  corresponding  to  homogenization  is  much 
smaller  than  the  minimum  grain  size  observed.  This  result  implies  that  some 
other  mechanism  may  also  be  operating  to  broaden  the  composition  profile  at  the 
grain  boundary.  One  possibility  is  coated  grain  boundary  migration  driven  by  the 
free  energy  of  mixing  of  the  Pb  in  the  Pb-Bi  alloy. 
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Figure  7>  Thallium  coated  films:  Fg(GB) 
vs  anneal ling  time  at  18^0  and 
h = 1/3;  A - 150  A coating, 

B - 1.8  kA  coating. 
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Figure  9-  I<n  of  the  rate  of  change  of 
pinning  force  (expressed  as 
[time  to  peak,  t]~l)  vs  inverse 
temperature  for:  A - grain 
boundary  pinning  Fp(GB)  at 
h = 1/3;  b - surface  pinning 
Fp ( | | ) at  h = 1/2, 


I 

Changes  also  occur  in  surface  pinning.  In  contrast  to  the  findings  of 
Evetts(5)  with  the  Til-  Pb/TJ,  diffusion  couple,  the  presence  of  normal  metal  on 
the  film  surface  reduces  Fp(|  | ) strongly  (compared  to  the  uncoated  twin). 

However,  Just  as  Evetts  observed,  Fp( | | ) first  peaks  and  then  declines  as 
diffusion  proceeds.  The  activation  energy  for  both  this  process  and  final  homo- 
genization is  ^35  kcal/mole. 

In  both  coated  and  uncoated  films  the  shape  of  Fp(GB)  vs  H remains  roughly 
constant  with  temperature.  When  examined  in  detail  however  Fp(GB)  does  not 
scale  exactly  as  Fp(GB)  <*  HC2n(T)  with  constant  n at  all  measured  fields.  Also 
n differs  for  different  aging  times  and  fields. 

More  work  needs  to  be  done  to  verify  the  above  activation  energies,  to 
examine  the  effects  of  coating  thickness  and  alloy  composition  of  the  base  film. 
Attempts  will  be  made  to  determine  the  microstructural  changes  occurring  during 
interdiffusion  by  examining  thin  coated  films  in  the  transmission  electron 
microscope.  Ultimately  it  would  appear  that  this  system  will  be  an  excellent 
model  for  investigating  the  effects  of  A«  pinning  due  to  grain  boundary  segregation 
on  critical  current  densities.  At  the  very  least  these  experiments  demonstrate 
unequivocally  that  grain  boundary  segregation  in  commercial  high  field  super- 
conductors must  be  seriously  considered  as  a possible  pinning  mechanism. 
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